The placenta adapts to maternal environment and its alterations may have a lasting impact on child's temperament development.
placental gene expressions may become useful biomarkers for screening and intervention. KEYWORDS epigenetic impact, MAOA, prenatal stress, temperament 1 | INTRODUCTION Temperament is defined as an early appearing pattern of individual differences in emotional, motor, and attentional reactivity and regulation in response to stimulation (Rothbart & Ahadi, 1994) . Aspects of difficult temperament including high reactivity, negative emotionality, and withdrawal have been associated with a range of psychological disorders, including mood and anxiety disorders, disruptive behaviours, and attention deficit hyperactivity disorder later in childhood (for review, see Muris & Ollendick, 2005) . Because temperament is embedded in the biological makeup, but also somewhat malleable to environmental influences (Saudino, 2005) , research with an eye for such influences can facilitate intervention for children at risk for psychopathology.
Stress is a potent environmental insult, particularly during critical in utero development. Not surprisingly, studies have documented the link between prenatal stress and problematic temperament in infants and psychological problems in later childhood. Infants of mothers who experienced stress during pregnancy were found to have greater negative reactivity, problems adapting to new situations, and difficulties regulating their attention (Buitelaar, Huizink, Mulder, Robles De Medina, & Visser, 2003; Davis et al., 2007) , and children who were exposed to stress in utero were more likely to exhibit mood and behavioural problems during childhood (Davis & Sandman, 2012; Van Den Bergh & Marcoen, 2004) .
Exposure to stress in utero is mediated by the placenta (Bronson & Bale, 2015) , an organ labelled as the "third brain," which links the developed brain of the mother with that of the developing foetus (Yen, 1994) . The placenta is primarily a foetus organ, shaped by the maternal milieu by tailoring its functions in response to environmental cues.
It creates an internal ecosystem charged with preparing the growing foetus for the demands of the world outside the utero. If there is a mismatch between in utero and external environment, the child may be embarking upon a maladaptive developmental trajectory (Glover, 2011) . The placenta can therefore provide vital information about early environmental influence on the early childhood characteristics. The placental adaptations to stress during foetal development may employ an epigenetic mechanism, which influences placental gene expression without changing the gene sequence (Lesseur, Paquette, & Marsit, 2014) .
Such placental alteration has been noted for the expression of placental monoamine oxidase A (MAOA) gene in association with prenatal stress; however, child outcomes were not assessed. Blakeley, Capron, Jensen, O'Donnell, and Glover (2013) reported that prenatal depression and anxiety were associated with downregulation of MAOA in human placentas. MAOA is an enzyme responsible for the breakdown of three major neurotransmitters: serotonin, dopamine, and norepinephrine, and MAOA gene has been implicated in a range of disorders including drug abuse (Vanyukov et al., 2004) , anxiety (Tadic et al., 2003) , attention deficit hyperactivity disorder (Jiang et al., 2001) , anorexia nervosa (Urwin & Nunn, 2005) , and antisocial behaviour (Samochowiec et al., 1999) . Moreover, a deficiency of MAOA enzyme activity due to a point mutation of the MAOA gene has been correlated with heightened levels of aggression (Brunner, Nelen, Breakefield, Ropers, & van Oost, 1993) .
The fact that MAOA gene (along with neurotransmitter transporter genes) is expressed in the placenta indicates its involvement in the regulation of these key neurotransmitters in foetal circulation. Aberrations of its expression in the placenta may lead to altered foetal neurodevelopment (Zhang, Smith, Liu, & Holden, 2010) . To date, however, no study has examined the association between prenatal stress and child outcomes, such as temperament, as mediated by expression of the MAOA gene in the placenta.
To achieve this aim, this study evaluates the interrelationship between prenatal stress, placental MAOA gene expression, and child temperament at 12 months of age in a sample drawn from an ongoing longitudinal study of mothers and their children, utilizing stored placenta tissues. Prenatal stress is defined as exposure to a natural disaster, Superstorm Sandy (Sandy), which devastated the New York City area in late 2012, and affected participants from an ongoing cohort study. As dysregulation of placental gene functioning may compromise the optimal neurodevelopment of children, a greater understanding of this biological mechanism is of critical importance for early identification of risk and intervention.
| METHOD

| Participants
The sample consisted of participants (N = 95) from a large ongoing longitudinal study for whom placental gene expression and infant temperament data were available. Participants were recruited from prenatal obstetrics and gynaecological clinics in metropolitan New York during the second trimester of pregnancy and at that time their demographic information (shown in Table 1 ) was collected. In short, approximately 7% of mothers identified as Asian, 27% as Black or African American, 52% as Hispanic, 8% as White, and 5% selected "Other." Fifty-five per cent of the children are female; 56% of mothers identified as single. The age of mothers ranged from 17 to 44 (M = 26.91, SD = 5.87). The complete study sample, from which current participants were drawn, is described elsewhere (Finik & Nomura, 2017) .
Participants were excluded if they were positive for human immunodeficiency virus infection, maternal psychosis, maternal age < 15 years, life-threatening medical complications related to the mother, and congenital or chromosomal abnormalities in the foetus. They were also excluded if they indicated plans to relocate out of the geographic area during the study. All participants were consented as per protocol approved by the Institutional Review Boards at the City University of New York, New York Presbyterian-Queens, and Icahn School of Medicine at Mount Sinai.
| PROCEDURE
| Placenta collection and RNA extraction
Placenta was collected at the time of delivery. A detailed description of the placenta collection can be found elsewhere (Lambertini, Chen, & Nomura, 2015) . In short, biopsies, free of maternal decidua, were collected from each placenta quadrant midway between the cord insertion and the placenta rim within an hour of delivery to maintain the optimal integrity of RNA. The collected tissues were first placed into a liquid nitrogen tank for 24 hr for "snap freezing"
and then transferred to a −80°C freezer. RNA was extracted from placenta samples using the Maxwell simplyRNA Tissue Kit (Promega, #AS1280), following the manufacturer's protocol. Extracted RNA was quantified using a Nanodrop spectrophotometer (Thermo Fisher Scientific Inc., #ND-2000) and stored at a −80°C freezer until use.
| Gene expression profiling
Placental RNA was profiled using a custom-designed code set (NanoString Technologies, Seattle, WA). Briefly, 100 ng RNA was incubated in the presence of reporter and capture probes overnight at 65°C. Following hybridization, unbound probes were removed, and the purified complexes were aligned and immobilized on imaging cartridges using an nCounter Prep Station II. Cartridges were then sealed and scanned in an nCounter Digital Analyser for code count detection. The NanoStringNorm package (Waggott et al., 2012) was used to normalize nCounter data. Code count data were first normalized against the geometric mean of spike-in controls to account for differences in hybridization and recovery. Differences in sample content were accounted for by normalizing the data against the geometric mean of the housekeeping genes GAPDH, RPL19, and RPLP0. The background threshold of detection was set at 2 standard deviations above the mean of the included negative controls. Expression below background threshold was set to the value of the limit of detection divided by the square root of 2 to maintain sample variability.
| MEASURES
| Superstorm Sandy exposure
Forty-three out of 95 (45.3%) mothers were exposed to Sandy while they were pregnant: 33 in the first trimester, 7 in the second trimester, and 3 in the third trimester. In the control group, eight mothers became pregnant after Sandy, and 44 mothers gave birth before Sandy. Sandy exposure status (i.e., in utero exposure) was coded as a dichotomous variable (Yes or No) based on the date of delivery.
| Infant temperament
Mothers completed the Infant Behaviour Questionnaire-Revised (IBQ-R; Gartstein & Rothbart, 2003) (Gartstein & Rothbart, 2003) . The mothers reported weekly behaviour frequency on a scale ranging from 1 (never) to 7 (always), with an option to indicate the behaviour was not observed. The IBQ-R is a widely used measure with high internal consistency and good interrater reliability among relatives of the infant (Gartstein & Rothbart, 2003) .
| Maternal depression
Maternal depression symptomatology at 6 months post-partum was measured by the Edinburgh Postnatal Depression Scale (EPDS; Murray & Carothers, 1990) . The mothers were asked to report how they had been feeling in the past 7 days on a 4-point Likert scale with a range from "yes, all the time" to "no, not at all." Some questions were reverse coded, and the sum score constituted the "maternal depression" score. The inventory is well-validated in different languages and has an acceptable reliability ranging from .79 to .86 with satisfactory sensitivity (79%) and specificity (85%) (Kheirabadi, Maracy, Akbaripour, & Masaeli, 2012) .
| Statistics
First, a series of Pearson correlations were performed among 14 IBQ-R subscales of temperament and MAOA gene expression levels. Data were tested for normality, and all variables approximated the normal distribution.
Second, an independent samples t-test was conducted to compare 14 subscales of temperament and MAOA gene expression between children whose mothers were and were not exposed to Sandy during pregnancy.
Third, the demographic characteristics between the two groups were compared using independent samples ttests and Fisher's exact tests (see Table 1 ). If the difference was significant, the relationship of the demographic characteristic with MAOA gene expression and notable temperament subscale scores was tested by an independent samples t-test or a one-way analysis of variance (ANOVA); covariation was assessed if either relationship was significant.
Marital status was recoded into a dichotomous variable (single vs. married or common law), and education was recoded into a trichotomous variable (some high school education; high school/General Educational Development, some college or associate's degree; and college or graduate degree).
Fourth, an independent samples t-test was conducted to determine whether post-partum maternal depression scores (as measured by EPDS) differed between the two comparison groups. It was followed by a simple regression to determine whether post-partum depression predicted MAOA expression and notable IBQ-R subscale scores.
Additionally, gender differences in MAOA expression and notable temperament subscales were explored between comparison groups.
Fifth, the initial univariate analyses were followed by a mediation analyses to test whether MAOA gene expression mediated the association between Sandy exposure during pregnancy (i.e., in utero exposure) and infant temperament at 12 months of age. The PROCESS macro for SPSS with 10,000 bootstrapping resampling (Hayes, 2015) was used to evaluate the potential mediation effects of MAOA in the relationship between Sandy exposure as predictor variable and subscales of infant temperament of IBQ-R as outcome variables.
| RESULTS
| Pearson correlations
MAOA gene expression had the largest and strongest association with Smiling and Laughter subscale scores (r = .29, p = .004). MAOA expression was also positively associated with Low Intensity Pleasure (r = .23, p = .02) and High Intensity Pleasure (r = .24, p = .02) subscale scores and negatively associated with Activity (r = −.21, p = .04) subscales scores. The complete correlation matrix is shown in Table 2 .
| Independent samples t-tests and one-way ANOVAs
Children whose mothers were exposed to Sandy (M = 5.59, SD = 1.06) compared with those who were not (M = 6.12, SD = 0.70) had lower Smiling and Laughter subscale scores, t(93) = 2.96, p = .004. There were no notable differences in scores on other temperament subscales by Sandy exposure status (see Table 3 ). Placental MAOA expression of mothers exposed to Sandy was lower (M = 11.06, SD = 1.11), compared with those who were not exposed (M = 11.59, SD = 0.93), t(93) = −2.55, p = .01.
The single mothers (M = 6.11, SD = 0.73) reported higher Smiling and Laughter scores than common law or married mothers (M = 5.60, SD = 1.05), t(93) = 2.79, p = .006. There were no significant differences in the MAOA expression, t(93) = 1.35, p = .18, between marital status groups. One-way ANOVA with Welch correction for unequal variances revealed that the three education groups differed in Smiling and Laughter scores, F(2, 92) = 8.56, p < .001. Games-Howell post hoc comparisons showed that children of mothers with highest education had significantly lower Smiling and Laughter scores (M = 5.15, SD = 1.32) than children of mothers with less than high school degree (M = 6.18, SD = 0.67, p = .02) and children of mothers with high school or associate's degree, or some college education (M = 6.02, SD = 0.71, p = .04). There were no significant differences in the MAOA expression among the three education groups, F(2, 92) = 1.35, p = .26.
The maternal postnatal depression symptomatology, as measured by the EPDS, was associated with neither MAOA expression (p = .50) nor Sandy exposure status (p = .77), nor Smiling and Laughter subscale score (p = .82).
Therefore, it was not evaluated as a covariate in further analyses.
There were no gender differences in scores on Smiling and Laughter, t(93) = .24, p = .81, and in MAOA expression, t(93) = −1.29, p = .20. Note. Significant differences are in bold.
IBQ-R = Infant
Behaviour Questionnaire-Revised.
| Mediation analyses
Evidence for mediation between in utero Sandy exposure and scores on temperament subscales via MAOA gene expression was tested. First, Sandy exposure in utero was a significant predictor for scores on Smiling and Laughter subscale scores (ß = −.54, p = .004). Second, Sandy exposure significantly predicted MAOA gene expression (ß = −.53, p = .01). Third, MAOA gene expression was significantly linked to scores on Smiling and Laughter subscale scores (ß = .20, p = .02). The effect of Sandy exposure on Smiling and Laughter scores remained significant after controlling for MAOA expression (ß = −.43, p = .02). Together, these findings show that the relationship between Sandy and Smiling and Laughter subscale scores was reduced when MAOA gene expression was introduced as the mediator in the model. Mediation analysis using bootstrapping procedure confirmed that MAOA expression mediated the relationship between Sandy exposure and reduced scores on Smiling and Laughter subscale scores (ß = −.11, 95% confidence interval [CI; − .37, − .003], p < .05, 20.4%). This mediation model is illustrated in Figure 1 . MAOA gene expression was not found to be mediating the relationship between Sandy and other significantly correlated temperament subscales (Activity, Low Pleasure, and High Pleasure Intensity).
Because the comparison groups significantly differed on marital status (p < .001) and education (p < .001), and the marital status and education groups differed on Smiling and Laughter scores (ps < .04), they were included in the mediation model as covariates, and their effects were adjusted for statistically.
When mediation effects were tested in three separate adjusted mediation models with (a) marital status as a covariate, (b) education as a covariate, and (c) both education and marital status as covariates, we found that MAOA expression partially mediated the relationship between Sandy exposure and reduced Smiling and Laughter subscale scores after adjusting for the effect of marital status (ß = −.11, 95% CI [−.36, −.0008], p = .05), but the model became only marginally significant after adjusting for education (ß = −.09, 95% CI [−.34, +.002], p = .06) and after adjusting for both marital status and education (ß = −.09, 95% CI [−.35, +.003], p = .06).
| DISCUSSION
The current study has three major findings. First, out of 14 subscales of infant temperament at 12 months, Smiling and
Laughter scores were independently associated with both in utero Sandy exposure status and the MAOA gene expression. Second, when Sandy exposure and MAOA expression status were examined simultaneously, both Sandy exposure status and the MAOA expression were associated with Smiling and Laughter scores. Finally, the effect of Sandy exposure on decreased Smiling and Laughter scores was reduced (20.4%) when analysed together with the MAOA expression; however, the initial association remained significant, suggesting a partial mediation. Overall, our results suggest that in utero exposure to Sandy could induce lower rate of smiling and laughter via a biological mechanism of downregulation of placental MAOA gene expression. Research has consistently documented links between prenatal stress and difficulties in child temperament, including greater distress to novelty, higher negative emotional reactivity, and more behaviour problems (Blair, Glynn, Sandman, & Davis, 2011; Davis et al., 2004; Gutteling et al., 2005; Nolvi et al., 2016) . The placenta, as the interface between the mother and the foetus, may be responsible for mediating offspring's neurodevelopment in reaction to the environment through epigenetic mechanisms such as DNA methylation, histone modification, genomic imprinting, and non-coding RNA expression without affecting the gene sequence (Lesseur et al., 2014) . The finding from our study suggests that prenatal stress could shape temperamental development epigenetically through alteration of placental MAOA gene expression.
The dysregulation of neurotransmitters serotonin, norepinephrine, and dopamine is frequently linked with mood, anxiety, neurodevelopmental disorders, and stress exposure. In the placenta, they are largely regulated by MAO enzymes (Bronson & Bale, 2015) ; therefore, lower MAOA expression in the placenta may increase foetal exposure to these neurotransmitters and disrupt finely tuned typical brain development, signalling the beginning of a maladaptive trajectory. For example, prenatal exposure to selective serotonin reuptake inhibitors, pharmacological treatment for mood disorders aimed at increasing serotonin levels, has been associated with internalizing and externalizing behaviours in childhood (see review in Oberlander, Gingrich, & Ansorge, 2009 ).
Smiling and laughter have been recognized as significant emotional and cognitive markers of infant development (Sroufe & Wunsch, 1972) . Infants communicate through smiling and laughing before acquiring language skills (Harris, 2004; Mireault et al., 2015) , to express their comfort to a caretaker (Rothbart, 1973) , with great implications for social development. Additionally, smiling and laughing have been recognized as important identifiers in temperament studies. A study of temperament examined by IBQ-R of infants at low and high risk for autism found lower frequencies of smiling and laughing reported for high-risk infants, as compared with low-risk infants (Clifford, Hudry, Elsabbagh, Charman, & Johnson, 2013) . Kagan (1997) grouped infants in his study sample according to their temperamental activity and distress level (either low or high reactivity) in response to a demonstration of a novel stimuli. At the 4-
year follow-up assessment, smiling successfully identified children who were high and low in reactivity as infants, with low reactive children smiling more than high reactive children. Furthermore, smiling has been used as an indicator of developmental risk and disability and as a predictor of social competence (Benson & Haith, 2009 ). Therefore, lower reported smiling and laughter in our study may signify important temperamental difficulties.
There are several notable limitations in our study. First, infant temperament was assessed via maternal report.
Although, substantial evidence shows parent report to be predictive of child behaviour in the laboratory (Rothbart & Bates, 2006) , multiple informants or an independent observation of child's temperament during a laboratory visit could have strengthened our findings. Second, we selected the present sample from participants who had reported their child's temperament at 12 months post-partum and for whom placental tissues were available.
Although our findings suggest new underlying biological mechanism, a larger sample could have further corroborated our results. Third, the mothers with lowest education attainment and single mothers reported higher smiling and laughing of their children. In our sample, the mothers exposed to Sandy had higher levels of education as compared with mothers without in utero exposure, and it is not possible to disentangle Sandy exposure and education effects on temperament in the current study. Further, when we examined the model with maternal education as a covariate, the association became only marginally significant (p = .06). Thus, when interpreting the results, the readers should consider a possibility that unmeasured factors associated with maternal education could have confounded the observed outcomes. Lastly, we can only speculate the stability of the MAOA gene expression.
Sex-specific stress pathways have been reported in placental epigenetic studies (Bale, 2011) , as have interaction between MAOA gene and environment by gender (Enoch, Steer, Newman, Gibson, & Goldman, 2010) . Though we did not find gender differences in the current study of 12-month-olds, we may detect them later in neurodevelopment as our participants mature.
The effect of prenatal stress is a multifaceted interaction of foetal genetic background, sex, maternal hormonal levels, and gestational age at the time of exposure (Bale, 2011) , which our study was able to partially capture.
Research has shown links between trimester-specific stress exposure and psychopathology in offspring (Beversdorf et al., 2005; Khashan et al., 2008) ; however, little is still known about trimester-specific stress effects on gene expression. The relatively small sample size did not allow for a systematic investigation of these differences in the current study. The majority of the Sandy-exposed mothers (77%) were in the first trimester; therefore, our results may be skewed towards the first trimester exposure.
As prenatal stress may be subjective and is rather intangible, we defined it as an objective exposure to Sandy (Yes or No). Including an account of a degree of hardship experienced by the mothers could delineate dose effects of disaster exposure and is a promising aim for future research.
Nonetheless, our findings suggest that stress experienced in utero could shape the temperamental development epigenetically through alteration of MAOA gene expression. As such, placental epigenetic markers are hopeful future screeners to identify children at risk for a suboptimal development that may be aided by early intervention services.
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